Inverted solution-processed SMPV1:PC71BM small molecule organic photovoltaic solar cells (SM-OPVs) were fabricated. The power conversion efficiency (PCE) of halogen-free SM-OPVs reached around 5.07%. The absorption spectra at different device thicknesses were simulated by software Fluxim SETFOS 5.0, and compared with the experimental results. To further enhance the performance of halogen-free SM-OPVs, the interface between the active layer and the electrode of the optimized device was treated with the solvent vapor annealing (SVA) process, improving the PCE of the inverted halogen-free SM-OPV to 7.21%.
Introduction
In recent developments, organic photovoltaic (OPV) devices have demonstrated great potential for applications in sustainable energy due to their various desirable characteristics, e.g., affordability, flexibility, light weight, and large area to name a few [1] [2] [3] [4] [5] [6] . Works on efficient PBDB-T:BTTIC-based polymer solar cells (PSCs) have been reported [7] , with PCE values reaching as high as 13 .18%. However, most of the solvents or additives used for fabricating OPVs are based on halogenated ones such as chloroform (CF), chlorobenzene (CB), dichlorobenzene (DCB), diiodooctane (DIO), and chloronaphthalene (CN) [8] [9] [10] [11] [12] [13] ; using these toxic halogenated solvents may cause chemical injuries and environmental pollution during fabrication. Therefore, there is increasing demand these toxic solvents to be replaced with more eco-friendly ones [11, 14] .
The purpose of this study is to demonstrate an efficient halogen-free SM-OPV. The overall performance of nonhalogen inverted SM-OPVs are studied experimentally and theoretically, and compared to the results of halogenated solvent-based devices. For halogenated solvents, the PCE of devices are close to 5%; however, with nonhalogenated solvents, the PCE can reach over 5%. To further improve the performance of halogen-free SM-OPVs, the interface between the active layer and the electrode of the device is treated with the SVA process so that the PCE can be further enhanced to 7.21%, which is already very close to that of conventional SMPV1-based devices from other research groups [10, 11] . It is noteworthy that compared to conventional solar cells, inverted solar cells are in general more stable in air [7] . As a result, we believe that our devices are promising for energy harvesting applications, especially for outdoors applications.
Materials and Methods

Figure 1a
is a schematic diagram of the inverted nonhalogen small molecule solar cells consisting of layers of ITO/ZnO/SMPV1:PC71BM/V2O5 (5 nm)/Ag (120 nm). The ZnO seed layer (35 nm) was spin-coated from a 0.5-mol solution of zinc acetate in 2-Methoxyethanol (2MOE). Afterwards, a blend of SMPV1:PC71BM (1:0.8 by weight) mixed with a toluene solution was prepared on the ZnO seed layer by spin-coating. After spinning the active layer, the V2O5 layer and Ag electrode were deposited on top of the active layer under high vacuum. For comparison, another halogenated solvent-based sample was also prepared.
The electrical characteristics of the solar cells were measured in a glovebox at room temperature. To measure the efficiency of the solar cells, the devices were illuminated at 100 mW/cm 2 from a 150 W Oriel solar simulator, using an air mass 1.5 global (AM 1.5G) filter to obtain the current densityvoltage (J-V) curve. To make sure that the active layer matched with our optimized simulation result, SEM cross-sectional images were also taken, as provided in Figure 1b . 
Results and Discussion
To understand the optical effects occurring in the inverted small molecule solar cell, the absorption spectrum of the devices was simulated for various thicknesses, as shown in Figure 2a . The varying device thicknesses resulted from different spin rates during the coating process, and was calculated using the commercial optical calculation software, SETFOS 5.0 (FLUXIM, 5.0, Switzerland). The obtained results are in good agreement with our previous research [15] , calculated by the rigorous coupled wave analysis (RCWA) method. It is worth noting that the ripple in the spectrum simulated by RCWA is due to the interference phenomenon in the glass region. Therefore, in this study, to avoid the formation of ripples in the spectrum, the glass region was set to be in an incoherent state for the calculations. At a device thicknesses of 220 nm and 90 nm, a strong absorption in the active layer was observed, implying that either the device with 220 nm or that with 90 nm should exhibit the best performance. In the experimental verification, the device with a thickness of 90 nm was shown to perform better. This matches well with the previous reports [8] [9] [10] [11] . Unlike OPVs, SM-OPVs generally possess shorter diffusion lengths, which dramatically limits the thickness of the active layer [16] . Therefore, the PCE of the SM-OPVs with the thickness of 220 nm were slightly compromised in comparison. Figure 2b shows the absorption spectra of the devices at various active layer thicknesses which resulted from different spin rates. The absorption spectra of the device with a thickness of 90 nm showed a strong signal at a wavelength of 450 nm. Moreover, the absorption spectra of the device with 220 nm thickness exhibited the highest signal throughout the visible wavelength. These results match well with the simulation, as shown in Figure 2a . Figure 2c shows the calculated photocurrent (mA/cm 2 ) with various thicknesses. The internal quantum efficiency (IQE) was set to 100% initially. It was observed that the ideal photocurrent density could reach around 15.5 and 17.5 mA/cm 2 with thicknesses of 90 and 220 nm, respectively. Moreover, in Figure  2c , there are three regions. Region 1 exhibits the reflection part of the incident light, which implies that almost 40.4% of the incident light was reflected and wasted at a thickness of 90 nm. Region 2 displays the optical enhancement originating from the light reflected by the Ag electrode. About 3.9% of the incident light was recycled by the Ag black electrode at a thickness of 90 nm. Region 3 shows the absorption part of the incident light. Almost 55.7% of the incident light was absorbed directly by the active layer at a thickness of 90 nm. To further accurately estimate the theoretical PCE of the various devices (Samples A, B, and C), the initial IQE was replaced and the new IQE spectra of the different devices were provided by measuring the external quantum efficiency (EQE) spectra, as shown in Figure 4b . The calculated PCEs are summarized in Table 1 . Table 1 summarizes the device performance of inverted SMPV1:PC71BM solar cells with various solvents and treatment conditions, such as current density Jsc, open circuit voltage Voc, fill factor (FF), and PCE. From the results, it may be seen that Sample A exhibited a lower FF of 52.6%, resulting in a lower PCE compared with Sample B. Despite similar Jsc, Sample B showed higher FF, which may be due to the varied surface morphology. In general, Jsc is mainly dependent on the absorption of the active layer, and the FF is dominated by the morphology. Therefore, it is vital to find a proper surface morphology that benefits the formation of the phase separation and bicontinuous interpenetrating connection in the active layer [10] . So far, SVA treatment is widely regarded as one of the best methods to effectively improve surface morphology, reduce carrier recombination, and improve device performance [17, 18] . Therefore, in order to enhance the SM-OPV performance, our halogenfree devices further underwent a SVA process. By using SVA treatment, the FF of the device was enhanced from 56.4% to 66.8%. Consequently, the PCE of the device (Sample C) can be further improved to over 7%. It was noticed that the simulated results of PCE (Theoretical PCE) were very close to the practical results (PCE). By conducting the practical IQE of devices to the simulated model, the photocurrent density could be estimated accurately during the simulation. Therefore, the theoretical PCE could be improved as well. In order to further verify that the SVA treatment in our work was related to the change of the morphology, which improved the surface condition at the interface, reduced the carrier recombination, we prepared films (ITO/ZnO/SMPV1:PC71BM ) with and without SVA treatment. Atomic force microscopy (AFM) top view images of the films are shown in Figure 3a ,b. Due to the seed ZnO layer, the nano-ridge pattern of the active layer can be observed. It is worth noting that some defects in the center were compensated for after the SVA treatment, which implies that SVA treatment may benefit the interpenetrating network between the ZnO Electron-Transport Layer (ETL) and the active layer. Figure 1b . The series resistance (Rs) and sheet resistance (Rsh) are calculated by the inverse of the curve gradients at V = 1 and V = 0 respectively [13] . From the results, Sample C can be observed to possess lower Rs compared to both samples A and B, implying that the SVA treatment is able to simultaneously prevent the leakage current and reduce the series resistance. The EQE of samples A, B, and C were also measured, and are shown in Figure 3b . According to the EQE spectra, the Jsc of the device can be calculated to be 9.91, 9.68, and 11.87 mA/cm 2 respectively for samples A, B, and C [12] . The slight difference between the Jsc from the EQE and PCE results may be caused by the different measurement light source used, but both results exhibited similar trends nonetheless [15] (a) (b) 
Conclusions
Halogen-free inverted SMPV1:PC71BM solar cells were fabricated and their performance was compared with halogenated solvent-based devices. The absorption spectra of the devices were simulated and verified experimentally. The PCE of halogen-free inverted SM-OPVs with the optimized active layer thickness of 90 nm reached over 5%. In order to further improve the performance of the device, the interface between the active layer and electrode of the optimized device was treated with the SVA process prior to the deposition of the electrode. By using SVA treatment, both the FF and Jsc could be improved. Hence, the PCE of the halogen-free inverted SMPV1:PC71BM solar cell can be improved, reaching 7.21%. 
